v" The value of ~8F-fluoro-2'-deoxyuridine (~SF-FUdR) as a tracer for nucleic acid metabolism was studied using an experimental rat brain-tumor model. The ~8F activity in the tumor tissue 45 minutes after intravenous injection of ~8F-FUdR was about 12 times higher than that in the contralateral cortex. Double-labeled autoradiography with ~SF-FUdR and ~4C-thymidine revealed similar brain-tumor images. In contrast, an autoradiographic comparison of ~SF-FUdR with ~4C-aminoisobutyric acid, which reveals the impairment of the blood-brain barrier, showed very different images. Also, the ~SF radioactivity in the tumor tissue was at a constant level for 30 to 120 minutes, whereas a notable increase in 18F activity with time was observed in nucleotides and acid-insoluble fractions. These results suggest that the distribution pattern of ~SF-FUdR closely correlates with the metabolism of nucleic acid and that this drug could be a useful tracer for positron emission tomography.
I
N recent years, with the advent of positron emission tomography (PET), it has become possible to visualize metabolic changes in the living brain in three dimensions. Various studies have been carried out starting with the investigation of glucose metabolism using ~8F-fluorodeoxyglucose, 4,5,~4,~6 amino acid metabolism using J~C-amino acid, 2,3'7,~3 and oxygen metabolism and blood flow using ~50.~,~5.~6 Believing that information concerning nucleic acid metabolism would be extremely useful in the diagnosis and treatment of brain tumors, we studied a tracer which may reflect the metabolic activity of nucleic acids.
Fluorinated pyrimidines, including 5-fluorouracil, 5-fluorouridine, and 5-fluorodeoxyuridine, show a close correlation with metabolism of nucleic acid. 6 Accordingly, these fluorinated pyrimidines, labeled with the positron emitter ~SF, have been considered to be good tools for the detection of neoplasms by PET. In experiments using an implanted subdermal tumor, Abe, et aL, ' have already reported that the intratumoral accumulation of ~SF-fluoro-2'-deoxyuridine (~8F-FUdR) was higher than that of 18F-5-fluorouracil or ~8F-5-fluorouridine. In the present study, the effectiveness of ~SF-FUdR as a tracer of nucleic acid metabolism was investigated in experimental brain tumors.
Materials and Methods
In this study, C6 rat glioma cells (1 • 105), maintained as a monolayer culture, were implanted semistereotactically under sodium pentobarbital anesthesia into the brains of Wistar rats (weighing about 200 gm each) via a small burr hole in the frontoparietal region. Experiments were carried out 2 weeks later in the animals that showed neurological symptoms. While under sodium pentobarbital anesthesia, the rats were injected intravenously with 2 to 4 mCi of ~SF-FUdR, synthesized with an automated synthesis system. ~~ Thirty minutes later, the rats were decapitated and tissue samples were obtained from the tumor tissue and the contralateral gray matter. The ~SF radioactivity in the tissue samples was measured with a gamma counter.* Under similar conditions, six rats were injected intravenously with 2 to 4 mCi of ~8F-FUdR and 100 uCi/kg of 2-~4C-thymidine (~4C-TdR) simultaneously, and 10 rats were injected simultaneously with 2 to 4 mCi of ~SF-FUdR and 125 uCi/kg of ~4C-labeled 2-amino-lisobutyric acid (~4C-AIB). In both of these groups, the 
FIG. 2. Double-labeled autoradiographic image of rat brain using ~SF-FUdR (left), 14C-AIB (center), and hematoxylin staining (right).
rats were decapitated after 30 minutes and the brains were quickly removed and frozen. Brain sections 30 um thick were prepared in a cryostat, and double-labeled autoradiography was performed by a previously reported method? ~ Subsequently, these brain sections were stained with hematoxylin and compared with autoradiographic images. Six rats were injected intravenously with 2 to 4 mCi of ~SF-FUdR and decapitated after either 30 minutes (three rats) or 120 minutes (three rats). In this way, temporal changes in the 1SF radioactivity of the tumor tissue samples could be measured. The tissue radioactivity was expressed as a percent of the injected dose/ gm tissue. In addition, the ratio of the ~SF in the nucleotide fraction and the acid-insoluble fraction in brain-tumor tissue from five rats decapitated at 30, 120, or 420 minutes following injection of ~8F-FUdR was measured according to the method of Ishiwata, et al. 1o
Results
The 'SF radioactivity, as determined from the ratio of 18F-FUdR in brain-tumor tissue versus that in the contralateral gray matter, was 12.0 _ 4.2 (mean _ standard deviation), indicating a high uptake in the brain-tumor tissue with a distinct contrast to the surrounding tissue. Double-labeled autoradiography with ~8F-FUdR and ~4C-TdR revealed similar images; large accumulations of both tracers were seen specifically at the periphery of the tumor, where a high density of tumor cells was revealed by hematoxylin staining. In the ~SF-FUdR autoradiographic study, however, a slight accumulation was also noted in the central necrotic area (Fig. 1) .
In contrast, comparison of 18F-FUdR and 14C-AIB autoradiographs showed very different images. The distribution of ~4C-AIB, which reveals breakdown of the blood-brain barrier, was uniform throughout the entire tumor; it was seen not only at the periphery of the tumor but also to the same degree throughout the central necrotic region. On the other hand, the autoradiographic study using 18F-FUdR again showed a high concentration at the periphery of the tumor. This pattern was notably different from that obtained with 14C-AIB (Fig. 2) .
The 18F activity in the tumor tissue was at a level of 0.47% dose/gm tissue at 30 and 120 minutes following the administration of ~8F-FUdR, whereas a notable increase in 18F activity with time was observed in the nucleotides and acid-insoluble fractions from rat braintumor tissue. At 30, 120, and 420 minutes after administration, the sums of both fractions were 14.0%, 24.3%, and 44.5% dose/gm tissue, respectively (Fig. 3) .
Discussion
According to the study of Abe implantation, clearance of ~SF-FUdR was fast in normal tissue and slow in tumor tissue. As a consequence, the tumor/organ ratio was 1.3-to 4.0-fold higher than those for 18F-5-fluorouracil and ]SF-5-fluorouridine. In addition, since the existence of the blood-brain barrier causes the accumulation in the brain to be low, it has been considered likely that ~SF-FUdR would be effective in delineating tumors in the brain. With this in mind, we undertook a study of the effectiveness of ~SF-FUdR as a tracer of nucleic acid metabolism in experimentally induced rat brain tumors.
In the present experiments, the uptake of ~SF-FUdR in rat brain-tumor tissue was some 12-fold greater than that in the contralateral gray matter. This finding clearly indicates that J SF-FUdR is effective in delineating the location of brain tumors. Based on the results of a double-labeled autoradiographic study in which different physiological information was simultaneously obtained, it could be considered that the high accumulation of ~SF-FUdR in the brain tumors was not due solely to impairment of the blood-brain barrier. On the contrary, in light of the similarity with the image obtained with ~4C-TdR, which expresses deoxyribonucleic acid (DNA) synthesis, it is thought that the bulk of the radioisotope reflected the level of nucleic acid metabolism.
In 1985, Ishiwata, et al., 8 reported a study in which 18F-FUdR and 3H-TdR were simultaneously injected into animals with subdermally implanted tumors. A1-Y. Tsurumi, et al.
though they found slight differences in the distribution of ~SF and 3H in the ARG images, the differences were reduced if the acid-soluble fraction was washed. They concluded that the image of ~SF-FUdR reflected the pattern of nucleic acid metabolism in tumors. Such findings constitute support for the results of our own experiment.
Generally, two metabolic pathways are proposed for ~8F-FUdR (Fig. 4). 6,8,9 One entails the conversion of FUdR into 5-fluoro-2'-deoxyuridine-5'-monophosphate (FdUMP), which forms a complex with thymidylate synthetase. The physiological role of this is the conversion of 2'-deoxyuridine-5 '-monophosphate into 2'-deoxythymidine-5'-monophosphate, which is thereafter incorporated into the DNA synthesis pathway. The enzymatic reaction with FdUMP is stopped at the stage of formation of the FdUMP-thymidylate synthetase complex. The other pathway entails FUdR being converted to nucleotides, such as 5-fluorouridine-5'-monophosphate or 5-fluorouridine-5'-diphosphate (via 5-fluorouracil or 5-fluorouridine), and its incorporation of ribonucleic acid (RNA). The radioactivity of the ~SF-FdUMP-thymidylate synthetase complex and that of mF in RNA constitute an acid-insoluble fraction.
In the present experiments, the accumulation of tSFFUdR remained at a constant level of 0.47% dose/gm tissue at 30 and 120 minutes following administration. Its concentration in the acid-insoluble and acid-soluble nucleotide fractions from brain-tumor tissue increased with time at 30, 120, and 420 minutes after administration. Washiten, et al., '7 reported that most of the acidinsoluble fraction belonged to the FdUMP-thymidylate synthetase complex rather than RNA when FUdR was incubated with hepatoma tissue culture cells. In light of what is known about the metabolic pathways of 18F-FUdR and the above findings, it can be concluded that tSF-FUdR is taken up by brain-tumor tissue and phosphorylated into ~SF-FdUMP and mainly forms a complex with thymidylate synthetase.
Since the theoretical background of autoradiography is the same as that of PET, the autoradiographic result can be directly applied to the analysis of PET clinical data. Therefore, t8F-FUdR should be effective as a tracer of nucleic acid metabolism in patients with brain tumors. Positron emission tomography studies using lSF-FUdR should offer an opportunity to investigate the in vivo cell proliferation potential of brain tumors and should open a new field for management of these patients from the viewpoint of nucleic acid metabolism.
